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AIrstract Micromolar concentrations of L-hi&line increase the cytotoxicity of hydrogen peroxide in a number of cell lines including CHO (hamster), 
EAHY, McCoy’s, U937 and CCRF-CEM (human), Vero (monkey) and SC-l (mouse). Importantly, these cell lines displayed different degrees of 
sensitivity to H,Oz alone and the extent of enhancement elicited by the amino acid was more pronounced in resistant cell lines. The increased 
cytotoxicity was invariably associated with the formation of DNA DSBs and a remarkable correlation was found by plotting the level of DNA DSBs 
against the cytotoxic response. These results strongly support the hypothesis that the mechanism whereby L-histidine increases the toxicity elicited 
by H202 involves the formation of DNA DSBs and are consistent with the possibility that the amino acid might participate in the regulation of the 
physio-pathological response to oxidative stress in mammals. 
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1. Introduction 
L-Histidine enhances a number of deleterious effects elicited 
by hydrogen peroxide in cultured mammalian cells [l-l 11. Re- 
cent work from our laboratory has indicated that, in the pres- 
ence of L-histidine, H,O, also produces DNA DSBs in cultured 
CHO cells [7-l 11. Importantly, DNA DSBs are generally con- 
sidered to be a lethal lesion [ 121 and cannot be detected in CHO 
cells treated with toxicologically relevant concentrations of hy- 
drogen peroxide alone [7-l 11. Experimental evidence was then 
collected indicating that the intracellular fraction of the amino 
acid was responsible for the enhanced formation of DNA DSBs 
and toxicity in oxidatively-injured cells and that these two 
events were always associated, suggesting a cause-effect rela- 
tionship [l 11. In marked contrast, the extracellular fraction of 
the amino acid seemed to mediate the increased formation of 
DNA single strand breaks, an event that appeared to be unre- 
lated to cytotoxicity [9,10]. 
Since the above effects were produced by low levels of 
L-histidine [q, it is possible that the amino acid might modulate 
the impact of an oxidative stress in mamm alian cells. We there- 
fore investigated the level of DNA DSBs and cytotoxicity pro- 
duced by the cocktail H,O&histidine in various cultured 
mammalian cell lines, derived from different species and with 
a different origin, with the specific aims of assessing the gener- 
ality of this response and gathering further information in sup- 
port of the notion that DNA DSBs are the cause of cell death 
following challenge with H,O&histidine. 
2. Materials and methods 
2.1. Cell culture and treatments 
Cells were either grown in monolayer culture (CHO, Vero, EAHY, 
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Abbreviations: DSBs, DNA double strand breaks; CHEF, contour 
clamped, homogeneous electric field. 
McCoys and SC-l) or in suspension (U937 and CCRF-CEM) in their 
appropriate growth media (Gibco, Grand Island, NY) supplemented 
with 10% fetal bovine serum (Seralab, Sussex, UK), penicillin (50 units/ 
ml), and streptomycin (50 @ml), at 37°C in T-75 tissue culture flasks 
(Coming, Coming, NY) gassed with an atmosphere of 95% air-5% 
co> 
Stock solutions of hydrogen peroxide and L-his&line were freshly 
prepared in Saline A (8.182 g/l NaCl, 0.372 g/l KCl, 0.336 gil NaHCO, 
and 0.9 gil glucose). Cells (5 x 16 for cell lines growing in monolayer 
and 2 x lo6 for cell lines growing in suspension ) were treated for 30 min 
in Saline A (2 ml), washed with prechilled Saline A and processed for 
cytotoxicity or DNA damage assays. 
2.2. Cytotoxicity assays 
Cytotoxicity was determined using a growth-inhibition assay. After 
treatments, appropriate dilutions of cells (l-2 x lo4 in those cell lines 
growing in monolayer and 5-7 x 104in cells growing in suspension) were 
plated in triplicate into 60-mm tissue culture dishes and incubated at 
37°C for 3-6 days, depending on the cell type. The cell number was then 
estimated with a Coulter counter. Results obtained with this growth- 
inhibition assay are basically superimposable tothose obtained with the 
conventional plating-efficiency assay, at least up to the second loga- 
rithm of killing (Sestili, unpublished). 
2.3 Measurement of DSBs by the CHEF assay 
Cells were labelled overnight with [‘4C)thymidine (0.05 @i/ml) and 
incubated for a further 6 h in a medium containing unlabelled thymid- 
ine (1 &ml). 
The CHEF assay was performed essentially as described by Blocher 
et al. [13]. To prepare agarose plugs, cells were sedimented at 1000 rpm 
for 5 min at 4’C and the pellet was resuspended in phosphate-butfered 
saline (PBS) containing 5 mM EDTA, pH 8.3. This procedure was 
repeated three times, and the final suspension in PBS was adjusted to 
give a density of 3.64 x lo6 cells/ml. 300~1 of this suspension were mixed 
with 300 ~1 of melted agarose (low melt agarose, Biorad, Richmond, 
CA, 1% solution in PBS) in a 15 ml conical tube maintained at 45’C. 
The cell-agarose mixture was vortexed, transferred to a gel plug former 
on ice, and refrigerated for 15 min. The plugs (four per experimental 
point).were removed and incubated in 1 ml of ESP (6.5 M EDTA, 1% 
sarkosvl. 1 me/ml mote&se K. DH 9) for l-2 h at 4’C then at 45°C 
for 206: The”plug’s were wash2 five times for 1 h in sterile 0.5 x TE 
buffer (10 mM Tris-HCl, 1 mM Na,EDTA; pH 7.5) and stored at 4°C 
in 0.5 M EDTA (pH 8). 
The DNA in the plugs was separated by PFGE in a 0.5% agarose gel 
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(chromosomal grade, Bio-Rad, Richmond, CA) in 0.5 x TAE buffer 
(44.5 mM Tris base, 34.5 mM sodium borate, 1 mM Na,EDTA, pH 
7.2). The gel was run for 20 h on a CHEF-DR II system (Bio-Rad, 
Richmond, CA) operating at 1.21 V/cm with a switch time of 75 min. 
The buffer (0.5 x TAE) was maintained at 25°C. The gel was stained 
with ethidium bromide, viewed under a W tramilluminator and pho- 
tographed. The distribution of radioactivity in the gel was determined 
by cutting portions of the gel containing the DNA (well and lane). 
These portions were then melted in glass scintillation vials in the 
presence of 50 ~1 of 1 N HCl and processed for liquid scintillation 
counting. 
3. Results 
3.1. Effect of L-histidine on the cytotoxic response of an array 
of cell lines challenged with increasing concentrations of 
hydrogen peroxide 
In order to investigate and compare the effects of L-histidine 
on the toxicity of hydrogen peroxide in different cell lines, we 
adopted an experimental protocol involving a 30 min exposure 
(37°C) to the amino acid (300 PM) and increasing concentra- 
tions of H,O,. Under these conditions, the amino acid does not 
produce any toxic effect (not shown) but significantly potenti- 
ates the toxicity elicited by hydrogen peroxide. Results shown 
in Fig. 1 indicate that the toxicity of H,O, changes ignificantly 
in the various cell lines and suggest hat the enhancing effect 
of L-histidine might be a direct function of the level of resistance 
to the oxidant; in other words, the amino acid seems more 
effective in those cell lines exhibiting an intrinsic resistance to 
the insult elicited by hydrogen peroxide. 
3.2. Effect of L-histidine on the level of DNA DSBs in various 
cultured mammalian cell lines challenged with increasing 
concentrations of hydrogen peroxide 
In order to determine whether the enhanced cytotoxic re- 
sponse elicited by L-histidine in hydrogen peroxide-treated cells 
was accompanied by a more effective induction of DNA DSBs, 
we assessed the level of this lesion in cells treated under condi- 
tions similar to those utilized in toxicity studies. For this pur- 
pose we used the CHEF assay, a very sensitive technique that 
has recently been developed for measuring DNA DSBs [13]. 
Results illustrated in Fig. 2 indicate that addition of the amino 
acid always resulted in the formation of DNA DSBs in oxida- 
tively-injured cells. Once again, L-histidine was more effective 
in promoting the formation of DNA DSBs in those cell lines 
displaying resistance to the toxicity elicited by H,O, alone. 
3.3. Correlation between the formation of DNA DSBs and 
cytotoxicity 
Fig. 3 shows a correlation analysis curve obtained by plotting 
the level of DNA DSBs and cytotoxicity produced by the cock- 
tail hydrogen peroxide/L-histidine in the various cell lines util- 
ized in this study. It is of interest hat all the experimental points 
fit in a single curve (r = 0.931). 
4. Discussion 
The L-histidine-mediated enhancement of hydrogen perox- 
ide-induced cytotoxicity is a general response in mammalian 
cells since, as documented in this paper, it can be observed in 
a number of cell lines derived from different animal species 
(human and non-human primates and rodents) and, within the 
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Fig. 1. Effect of L-histidine on the cytotoxicity produced by hydrogen 
peroxide in various cultured mammalian cell lines. Cells were exposed 
for 30 min in Saline A to increasing concentrations of hydrogen perox- 
ide, in the absence or presence of 300 PM L-histidine. Following treat- 
ments cells were assayed for cytotoxicity, as detailed in the Methods 
section, Results are the mean f S.E.M. calculated from 34 separate 
experiments, each performed in duplicate. 
same animal species, from different tissues. It is important to 
emphasize that these cell lines were characterized by different 
levels of sensitivity to H,O, alone. As an example, U937 cells 
were highly resistant since growth inhibition was elicited by 
Table 1 
Comparison of the ICsO values* for H202 alone or associated to 
L-histidine in various cell lines 
Cell line IC, 01M) 
- L-histidine + L-histidine 
Dose modifying 
factor 
CCRF-CEM 110 26 4.2 
EAHY 80 37.5 2.1 
u937 6200 600 10.3 
MC Coy’s 105 60 1.75 
VERO 190 90 2.1 
SC-1 100 45 2.2 
CHO 80 40 2 
*ICs,, values were calculated from the toxicity curves illustrated in 
Fig. 1. 
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millimolar levels of hydrogen peroxide whereas, in the remain- 
ing cell types, toxicity was elicited by oxidant concentrations in 
the micromolar range. Importantly, the L-histidine-mediated 
enhancement of hydrogen peroxide-induced cytotoxicity was 
much higher in U937 cells, as compared to the other cell lines 
(Table l), and indeed, in the presence of the amino acid, the 
sensitivity of these human myeloid leukemic cells was shifted 
back to micromolar levels of the oxidant. 
Thus, the enhancing effect of L-histidine would appear to be 
a direct function of the level of resistance of the specific cell line 
to H,O,. This inference, however, needs to be supported by 
additional data because of the limited number of cell lines that 
have been tested. Nevertheless, research in progress in our 
laboratory demonstrates that L-histidine increases the toxicity 
of hydrogen peroxide by a factor of 5 in AG8 cells (a cell line 
highly resistant to the oxidant that has been isolated in our 
laboratory) as compared to a factor of about 2 that was ob- 
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Fig. 2. Effect of L-histidine on the yield of DNA DSBs induced by 
hydrogen peroxide in various mammalian cell lines. Cells were treated 
as detailed in the legend to Fig. 1 and then analyzed for DNA double 
strand breakage by the CHEF assay. Data are expressed as ‘Percent 
DNA eluted’ which is the percent ratio of cpm in the lanes versus total 
cpm of the sample. About 93% of the DNA from untreated cells (in all 
the cell lines) remained in the plug after electrophoresis. Results are the 
mean k S.E.M. calculated from three separate xperiments, each per- 
formed in duplicate. 
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Fig. 3. Correlation analysis for DNA DSBs and cytotoxicity in various 
mammalian cell lines treated with hydrogen and L-histidine. Experi- 
mental results illustrated in Fig. 1 (cytotoxicity) were plotted against 
those displayed in Fig. 2 (DNA double strand breakage). Standard 
errors were omitted for the sake of clarity. 
served in the parental CHO cell line. In our opinion this evi- 
dence strongly supports the above inference, and might suggest 
that acquired resistance to hydrogen peroxide can be reverted 
by the addition of L-histidine. 
Experimental results reported in this paper also demonstrate 
that the increased cytotoxic response elicited by L-histidine in 
oxidatively-injured cells was paralleled by the appearance of 
DNA DSBs in all the cell types studied whereas, in accordance 
with previous investigations [7,14], no DNA DSBs could be 
detected following challenge with HzOz alone (at levels utilized 
in toxicity studies). 
The striking correlation that was found by plotting the level 
of DNA DSBs against the cytotoxic response indicates that the 
L-histidine-mediated enhancement of hydrogen peroxide-in- 
duced cytotoxicity is invariably associated with the formation 
of DNA DSBs in a number of cell lines and that, in these cell 
types, a given level of DNA lesions always corresponds to the 
same level of lethality. These observations trongly support the 
hypothesis that the mechanism whereby L-histidine increases 
the toxicity elicited by H,O, involves the formation of DNA 
DSBs, and are consistent with the possibility that the amino 
acid might partecipate in the regulation of the physio-pa- 
thological response to oxidative stress in mammals. 
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